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The Y chromosome and the testis-determining gene SRY
In mammals, females have two X chromosomes (XX) and males have a single X and a Y chromosome (XY). The old observations that XO individuals are female and XXY are male, meant that the Y has a male-dominant action, attributed to the action of a testis-determining factor (TDF) on the Y chromosome. Ten years ago this factor was identified as the SRY gene (Sinclair et al. 1990 ).
Sex determination
In humans and other mammals, sex determination depends on the differentiation of the embryonic gonad into testis. The testis then produces testosterone and Müllerian inhibiting substance, powerful hormones that divert developmental pathways along male lines. The pivotal genetic event is the switching of the indifferent gonad (the genital ridge) to testis differentiation by the action of a 'testis-determining factor' (TDF). This TDF must be located on the Y chromosome because individuals with a Y chromosome are male regardless of the numbers of X chromosomes.
Of course, making a male is likely to require very many more genes than just TDF, and only one of these needs to be on the Y chromosome. Several have been discovered through studies of patients with sex-reversal syndromes, but there are likely to be many more, perhaps hundreds or thousands, as well as hundreds or thousands of genes required for germ cell differentiation and male fertility. There are likely also to be hundreds or thousands of genes required for ovary differentiation and egg development, but so far we know rather little about these or how they are switched on in the absence of testis development.
The Y chromosome
The X and Y chromosomes are morphologically very distinct and have quite different gene contents. The X chromosome is large (5% of the total length of a single set of chromosomes). It bears about 1500 genes with a mixture of housekeeping and specialist functions, not specifically concerned with sex. To ensure dosage equality between the sexes, only one X is genetically active in female cells. The set of genes on the X chromosome is almost completely conserved between different species of eutherian ('placental') mammals, probably because breaking it up would disrupt this chromosome-wide X inactivation mechanism (Ohno 1967) .
The Y chromosome is much smaller than the X. It is a real genetic wasteland, containing only a few genes in a sea of repetitive sequence. The distal heterochromatic region is entirely composed of repetitive sequences with no known coding function. The X and Y are homologous over a short pseudoautosomal region (PAR), within which they regularly pair and undergo crossing over. In humans, the PAR1 at the tips of the short arms is 2.6 Mb, and there is a second, shorter (0.5 Mb) PAR2 at the ends of their long arms.
Exhaustive screening of a human testis cDNA library with Y-specific YACs (large insert libraries constructed in yeast artificial chromosomes) brought the number of recognizable gene sequences known on the human Y to a grand total of 33 (Lahn and Page 1997) . Of these, nine lie within the PAR1 and four in PAR2, leaving only 24 genes on the male-specific differential region of the Y. Many of these are inactive 'pseudogenes', such as STS (Yen et al. 1988) , which have been mutated or partially deleted so that they cannot be translated. Lahn and Page (1997) divided Y-borne genes into two classes. Class I were single-copy genes on the Y that are ubiquitously expressed and have homologues on the X. Class II (the interesting ones) are multi-copy, testis-specific, and have no homologues on the X. However, even genes with male-specific functions prove to have copies on the X (Delbridge et al. 1999; Mazeyrat et al. 1999) , so this distinction breaks down.
Genetically impoverished though it may be, the male-specific Y chromosome plays a pivotal role in sex determination and fertility. Deletions of TDF cause sex reversal, and deletions in several areas lead to azoospermia. Indeed, the genes on the non-recombining, Y-specific (differentiated) region of the Y seem to specialize in male-specific functions, several candidate spermatogenesis genes being expressed only in the testis.
The testis-determining gene, SRY
The testis-determining factor was shown, by deletion mapping, to reside on the short arm of the human Y chromosome. It was positionally cloned in 1990 (Sinclair et al. 1990 ) and named SRY for sex region on the Y chromosome. SRY was shown unequivocally to control sex determination by mutation analysis in man and transgenesis in mouse (reviewed by Koopman 1995) . Other species of eutherian mammals were found to have an equivalent SRY gene on the Y chromosome.
SRY is a small, single exon gene encoding an 80 amino acid DNA-binding motif (called the HMG domain because it is shared by the high mobility group proteins that act as chromatin architectural factors). SRY defined the SOX (for SRY-like HMG box-containing) gene family that now numbers more than 20 members, which are highly conserved in all animal species. SOX genes include transcriptional activators and repressors (Uchikawa et al. 1999) , and seem to act in large complexes.
SRY is a member of the intronless SOXB gene family. It is thought to act by binding of the HMG box to a 6-bp target sequence in DNA, bending DNA through a specific angle (for review see Koopman 1995) . This bending may promote association of regulatory elements bound to separate regions of DNA, forming a complex that controls the activity of other genes. Whether SRY control acts via activation or repression of other genes in the sex-determining pathway is not yet clear. Suggestions include the direct or indirect activation of SOX9, perhaps by a double repression mechanism (McElreavey et al. 1992) . Graves (1998) suggested that in XX embryos with no SRY, SOX3 inhibits SOX9 and no testis forms, so the phenotype is female. In XY embryos, SRY inhibits SOX3, permitting SOX9 to perform its testisdetermining role and produce a male.
It might be imagined that a gene as important for reproduction as SRY would remain highly conserved throughout evolution. However, SRY is poorly conserved even within the HMG box. Outside the box, sequence cannot even be aligned between human and mouse. This lack of conservation is highly unusual for SOX genes, and suggests that, unlike other SOX genes, SRY action is all contained in the HMG box. This conclusion is reinforced by the finding that almost all of the known amino acid substitutions found in mutant SRY proteins from XY females are within this region (Hawkins et al. 1992) .
The unusual structure, function and evolution of the SRY genes turns out to be typical of genes on the Y chromosome. Genes on the Y chromosome are unusual in their structure, variability and limited function (for review see Graves 2000) . The peculiar characteristics of genes on the Y chromosome, including SRY, are most easily understood in terms of Y chromosome evolution. We must therefore look for answers in the evolution of the Y chromosome and the genes it bears.
Evolution of the Y chromosome and Y-borne genes
Where did the mammalian Y chromosome get its start? Why is it genetically depauperate, and why does it specialize in male-specific genes? The answers have come from comparisons of X and Y chromosomes between different mammal groups, and across different vertebrates.
The origin of the Y chromosome
The mammalian Y chromosome is not shared with other vertebrates (for review see Solari 1994) . Many reptiles, such as alligators and turtles, have no sex chromosomes at all, and determine sex via environmental cues such as temperature. Birds and snakes have a ZZ male:ZW female chromosomal sex determination system in which the Z is large and gene-rich, and the W is small and heterochromatic. The bird Z chromosome is highly conserved, as demonstrated by chromosome painting (fluorescent in situ hybridization (FISH) using a whole flow-sorted chromosome as probe). The chicken Z paints the Z chromosome of carinate birds, and even paints a similar sized autosome in turtles, which have no sex chromosomes (Graves and Shetty 2000) . The bird W, on the other hand, is very variable, being small and heterochromatic in carinate birds, but almost equivalent to the Z in ratites (Solari 1994) . Although superficially similar to the large gene-rich X and small heterochromatic Y, the bird Z and W chromosomes are quite unrelated to the mammalian X and Y. Genes that map to the human X are found on chicken chromosomes 1 and 4, and genes on the chicken Z are mostly on human chromosome 9 (Nanda et al. 1999) .
Most importantly, the sex-determining genes that define the sex chromosomes are different in the two groups. Birds have no sex-specific SRY gene (Griffiths 1991 ) and appear to rely on dosage of a gene (DMRT1) on the Z (Raymond et al. 1998; Smith et al. 1999) . In humans, DMRT1 lies on chromosome 9 (Raymond et al. 1999) and acts downstream in the human sex-determining pathway (as shown by sex-reversed phenotype of deletions). This means that SRY has not always been the master switch that controls sex determination, but evolved this function in the lineage that led to eutherian mammals. The evolution of SRY is thought to have initiated the differentiation of the mammal X and Y chromosomes. Ohno (1967) put forward a hypothesis to explain the peculiarities of snake sex chromosomes. He suggested that the variably sized W chromosome in different snake families represent stages in the gradual breakdown of the W, starting from a pair of autosomes. This hypothesis also explains the constant Z and the variable W chromosome in carinate and ratite birds. A process of W degradation has therefore taken place to different extents, independently in different bird and snake lineages. The same process is proposed to have occurred to differentiate the X and Y in mammals. Although the X and Y chromosomes are very different in size and gene content, homology is obvious in the pseudoautosomal regions as well as genes shared between the X and Y chromosomes. Thus, it is concluded that the mammalian X and Y chromosomes also evolved from a pair of autosomes, but a different pair from the Z and W.
Why has the mammalian Y chromosome degenerated? It is hard to imagine how deletion of genes and loss of gene function could confer a selective advantage, and there has been vigorous debate about the forces that drive degradation of the Y. It is thought that this occurs when other genes with a male-specific function accumulate near the sex-determining gene, so it becomes an advantage to keep these genes together in a male-specific package by suppressing recombination. Regions of the Y then become genetically isolated and are progressively degraded as the result of genetic drift (Muller's ratchet) or hitchhiking with a favourable mutation (for review see Charlesworth 1991) .
This theory views the bird W as a degraded Z, and the mammal Y as a degraded X (Graves 2000) . The corollary is that genes on the mammal Y might be degraded versions of homologues on the X. The 'father of SRY' is likely, therefore, to be a gene on the original X chromosome.
The original mammalian sex chromosomes
So what were the original mammalian X and Y chromosomes? To deduce the gene content and function of the autosome that became the Y, and trace the origin of the SRY gene, we can define the regions that are shared between distantly related mammals. Comparisons of eutherians with marsupials (pouched mammals that diverged 130 million years ago) and monotremes (egg-laying mammals that diverged 170 million years ago) have provided a rich source of variation to study the origin of mammalian sex chromosomes and sex-determining genes.
The marsupial genome is divided up into a few very large autosomes, but the X and Y are unusually small. The basic X constitutes only about 3% of the haploid genome, and the Y is barely visible. There is no shared pseudoautosomal region visible at meiosis (Sharp 1982) or detected by painting the microdissected Y onto other chromosomes (Toder et al. 2000) . Genes have been mapped to the marsupial X by somatic cell genetic analysis and FISH using cloned marsupial genes (for review see Graves 1995) . Lining up the gene maps of the human and marsupial X showed that all the genes on the long arm of the human X and the region around the centromere were also on the X in marsupials, implying that this region represented an ancient mammalian X, at least 130 million years old. The same set of genes was also mapped to the X in monotremes, pushing back the age of this region to 170 million years. This region (called the X-conserved region; XCR) is equivalent to the ancient mammalian X. This was elegantly confirmed when a probe made from a flow-sorted tammar X chromosome was hybridized in situ to human chromosomes. It painted the long arm of the human X and the region around the centromere (Glas et al. 1999) , thus confirming the results from gene mapping.
The tiny marsupial Y chromosome also shares genes with the eutherian Y. Five genes from the human and/or mouse Y map to the marsupial Y, and so must have been on the Y for at least 130 million years (Waters et al. 2001) . These genes define a Y-conserved region (YCR) equivalent to XCR. Thus, gene mapping reveals that the small marsupial X and Y chromosomes represent the ancient mammalian X and Y chromosomes in a common ancestor of all mammals, 170 million years ago.
However, genes on the short arm of the human X all mapped to autosomes in marsupials and monotremes. Most cluster on the short arm of chromosome 5 in the tammar wallaby, and on chromosome 1 in monotremes. Since marsupials and monotremes diverged independently from eutherians, this must mean that an autosomal region was transferred to the X chromosome in the eutherian lineage. Thus, the human X contains an X added region (XAR), which is still located on autosomes in other mammals (Graves 1995) .
The human Y chromosome contains an equivalent added region (YAR). This is not surprising, since many genes on the human Y have partners within the XAR. The addition was directly demonstrated by cloning wallaby homologues of genes on the human Y, eight of which mapped on the wallaby chromosome 5p in the same position as the XAR genes (Waters et al. 2001) . These genes define a region added to the Y, which shares homology with XAR, and includes the pseudoautosomal region. Therefore, it seems likely that a piece of an autosome was added to both the X and Y chromosomes early in the eutherian radiation. This probably occurred when the X and Y were only partly differentiated, when addition to an ancient pseudoautosomal region of one partner could result in its recombination onto the other partner.
These comparative data allow us to determine the origin of the human Y chromosome. The four conserved Y genes map to two small regions on either arm of the human Y, defining a 10-Mb YCR. This YCR was probably originally contiguous at the border of the large heterochomatic region, but was separated by an inversion in the hominid lineage. Thus, the ancient YCR has almost degraded away. Most of the extant human Y chromosome derives from a relatively recent addition to the sex chromosomes. Indeed, addition may have saved the eutherian Y from disappearing altogether. In the kangaroos and wallabies, ribosomal genes and associated heterochromatin was also added to both the X and Y, and then largely degenerated on the Y . In many other mammal species (e.g. a rare dasyurid marsupial, the dibbler; Young et al. 1982) , large lumps of heterochromatin have recently been added to the Y, perhaps as a kind of ballast to prevent loss.
Evolution of mammalian Y-borne genes
Since the original proto-Y is represented by the conserved region of the X, we can chart the evolution of genes on the Y, including SRY. There are 1400 genes on the human X, about 1000 within the XCR, which represents the original proto-XY pair. Only four genes remain on the Y. What happened to the rest?
Genes on the human Y chromosome illustrate a spectrum of degradation and loss. Pseudoautosomal genes have homologues on the X and Y that pair and recombine at meiosis. Some genes (e.g. SMCY) still maintain an active homologue on the Y and their X homologues escape X-inactivation in females. Other Y-borne genes (e.g. RPS4) are partially active. Many genes, such as STS, are represented only by pseudogenes on the Y that have been mutated and partially deleted so that they no longer code for a sensible protein. The overwhelming majority of genes have been completely deleted from the Y and their X homologues subjected to X-inactivation in females. Some genes are present on the Y in one species and absent in another. Different stages of degradation and loss are represented by the same gene in different species. For instance, the gene for ubiquitin activating enzyme, UBE1Y, is pseudoautosomal in monotremes, active, but male-specific, in mouse and marsupial, present only as pseudogene fragments in several primates, and absent from the human Y (Mitchell et al. 1998) .
The genes on the Y that are of the most interest are those with a male-specific function. Are Y-borne genes with functions in sex determination or fertility a special class that did not arise from the X, but were recruited by a 'selfish Y' because of their male-specific function? This is likely to be true of at least two genes recently transposed to the Y from autosomes (Lahn and Page 1999a) . However, at least some (e.g. RBMY) have been shown to have homologues on the X (Delbridge et al. 1999; Mazeyrat et al. 1999) , and so they undoubtedly arose from widely expressed genes with functions in both sexes. It seems more likely, therefore, that the 'functional coherence' of the Y resulted from ruthless extermination of any gene that did not contribute a strong selective advantage. Since genes on the Y cannot be required for viability (as half the population lacks a Y), their selective advantage must be gained by their critical role in reproduction.
How did these ubiquitously expressed housekeeping genes acquire male-specific functions? Each has been moulded by mutations and become restricted in its transcription pattern. For instance, the candidate spermatogenesis gene RBMY has undergone mutation and exon amplification from the original RBMX gene, then been amplified into a gene family, only a few members of which are active (Delbridge et al. 1997) . From a ubiquitous expression profile, its transcription has become restricted to germ cells. The SRY gene shows comparable changes, and is therefore typical of genes on the Y chromosome.
The rise and fall of SRY
SRY is a typical Y-borne gene. It arose by mutation of a widely expressed gene on the X chromosome, and remains active because it acquired a critical role in male reproduction. It varies greatly between species, having been amplified in some and even lost in others. We can discover when SRY made its appearance, what gene it was derived from and guess at how it acquired its sex-determining function by comparing its position, sequence and expression with those of similar genes in a range of species.
Was SRY the original mammalian testis-determining factor?
The defining event in the evolution of the mammalian Y chromosome was undoubtedly the evolution of a sexdetermining allele on one member of the original autosomal pair. This new gene somehow short-circuited the ancient sex-determining system. This may have been based on a ZZ male:ZW female system such as in birds, in which differential dosage of a Z-borne gene DMRT1 is thought to be basic to sex determination. Alternatively, an ancestral system could have involved environmental sex determination, such as in alligators and turtles. It has been assumed that the event that defined the mammal sex chromosomes was the invention of the male-dominant SRY gene. However, another gene could have initiated Y evolution and then have been supplanted in turn.
It would therefore be instructive to know when SRY evolved. Analysis of the time at which X-Y shared genes diverged suggested that SRY lies within the oldest region on the sex chromosomes, clocking in at 240-320 million years (Lahn and Page 1999b) . This supports the idea that SRY was the original sex-determining gene that defined the Y.
The discovery of a male-specific SRY gene in marsupials (Foster et al. 1992) implies that the gene is at least 130 million years old, and is consistent with the hypothesis that SRY was the original mammalian sex-determining gene that defined the mammalian Y. However, marsupial SRY is expressed very widely in the embryo as well as the adult (Harry et al. 1995) , which is unexpected if SRY has a specialized role in testis determination. In the absence of mutation analysis and transgenesis, there is no direct evidence that SRY determines sex in marsupials.
Demonstration of a male-specific SRY gene in monotremes would push back the date at which SRY arose. However, no SRY gene has been demonstrated in monotremes, despite years of searching by Southern blotting, polymerase chain reaction amplification and library screening. Three SOXB genes have been recently cloned in monotremes and mapped to autosomes (P. Kirby and J. A. M. Graves, unpublished results). The simplest explanation is that there is no SRY gene in monotremes, implying that SRY evolved after the divergence of monotremes from therian mammals 170 million years ago.
Since monotremes share the conserved region of the mammalian sex chromosomes, this means that another sex-determining gene must have pre-dated SRY on the mammalian Y chromosome. Possible candidates for the gene that was the instigator of Y chromosome evolution include SOX3, DMRT1, the bird sex-determining gene (Raymond et al. 1999) , and ATRY, a gene that is X-specific (and sex reversing) in humans, but has a Y copy in marsupials (Pask et al. 2000) . This ancestral mammalian sex-determining gene might, as for SRY, have been male-specific, or it might have functioned by means of differential dosage, a common sex-determining ploy in animals.
A brain-determining gene is the 'father of SRY'
The likely ancestor of the SRY gene was discovered by comparing SRY with related genes in different mammals. SRY defines a family of about 20 SOX genes, which are highly conserved in all animals. SOX genes all share an HMG box, but may be divided into subfamilies according to box and non-box sequence (Bowles et al. 2000) . A member of this family, SOX3, was first found to be on the X chromosome in marsupials (Foster and Graves 1994) . Its homologues in humans and mouse (Gubbay et al. 1990; Stevanovic et al. 1993) are almost identical and also map to the X. This implies that SOX3 was on the X in a therian common ancestor.
SOX3 and SRY belong to the SOX-B subfamily, along with SOX1, 2, 14 and 21. Of these genes, SRY shows the greatest sequence similarity to SOX3 within the HMG box. In fact, SRY from humans, mouse and marsupial are each more similar to SOX3 than they are to each other. This suggested that SRY evolved from SOX3 (Foster and Graves 1994) . Comparison of SRY with its putative ancestor SOX3 shows that homology comes to an abrupt halt on either side of the HMG box. Indeed, SRY seems to be essentially a truncated SOX3.
So what function does this putative 'father of SRY' have? SOX3 is highly conserved between species, suggesting that it has a critical function in mammalian development (Collignon et al. 1996) . In humans, it is expressed in the developing brain, spinal cord, thymus and heart, as well as several adult tissues. Two boys with SOX3 deletions were mentally retarded (Stevanovic et al. 1993) , suggesting a role in brain development or function. Mouse SOX3 is highly expressed in the developing central nervous system, largely overlapping the profile of related genes, SOX1 and SOX2. A chicken homologue, cSOX3, is expressed only in the central nervous system, but a Xenopus homologue is expressed only in the ovary (Koyano et al. 1997; Penzel et al. 1997) . Thus, the progenitor of SRY was more likely to have been a brain-determining than a testis-determining gene
From brain-determining to testis-determining function?
How could a brain-determining gene become a testis-determining gene? Did ancestral SOX3 have at least a subsidiary role in gonad development? SOX3 is expressed in the developing and adult testis in humans, but testicular development in two mentally retarded boys with deletions of SOX3 excludes a necessary function of SOX3 in testis development. In mouse, SOX3 is transcribed weakly (comparable with SRY) in the indifferent genital ridge (Collignon et al. 1996) . Perhaps, then, SOX3 had an ancestral interest in testis as well as brain development. Perhaps it is involved in ovary development, as it evidently is in Xenopus, or perhaps it acts as an inhibitor of testis determination. It is notable that SRY is transcribed weakly in mouse brain, perhaps a hangover of the ancestral role of this gene in brain development or function. In any case, the transcription profile of SOX3 and SRY do overlap to some extent.
The hypothesis that SOX3 acts as a negative regulator of SOX9 in determining testis suggests a pathway by which this gene abandoned its brain-determining function and became essential, instead, in sex determination. Graves (1998) suggested that, in the absence of SRY in XX females, SOX3 inhibits SOX9 and no testis forms. In XY males, however, SRY inhibits SOX3, permitting SOX9 to perform its testisdetermining role.
An intermediate in the process could have been a dosage-determined system based on SOX3. Mutation of a SOX3 allele to an inactive form (null) is all that is required. Homozygotes for wild-type SOX3 were female, whereas heterozygotes for a null allele were male; the 2:1 dosage difference determined sex via a differential effect on SOX9 activity. This system could readily evolve into a maledominant system by the truncation of the null allele so that instead of merely being inactive, it efficiently inhibits SOX3 and allows SOX9 to act. SRY would be an efficient inhibitor of SOX3, since its HMG box shares a common DNA-binding site with SOX3, but it lacks other conserved non-box sequences. It is observed that truncation of SOX9 turns it from an activator into a repressor (Südbeck et al. 1996) .
Changes in function of SRY?
SRY sequence outside the HMG box is poorly conserved between species, to the extent that non-box sequence cannot even be aligned between humans, mouse and marsupial.
The mouse SRY gene is exceptional in that it contains a long repetitive 3′ sequence that codes for a glutamine rich C-terminus. This CAG-rich domain is variable in length in different mouse strains and species. It is absent in the SRY gene of other eutherians, and even other rodents (Bowles et al. 2000) , implying that it has a recent evolutionary origin. However, truncation of this domain completely abolishes the testis-determining action of the SRY transgene, demonstrating that it is essential for its testis-determining action in mouse (Bowles et al. 1999) .
Human SRY contains, instead, two PDZ domains that interact with other proteins (Poulat et al. 1997) . It is speculated that the domain may directly negotiate interactions with other factors that require protein-protein interactions in human SRY. The addition of the CAG runs may have obviated the need for such interaction by building a protein-interacting structure into the SRY protein itself.
SRY shows other parallels with other genes on the Y chromosome. Its sequence is very variable between species, and it has even gained a de novo intron in one branch of marsupials (O'Neill et al. 1998) . In some species of Old World mice, SRY has been amplified many times (Nagamine 1994) , although probably only one or two SRY genes are active.
So, SRY is just like the other genes on the Y chromosome. It has been degraded to the point that there is nothing left except the HMG box, but has been retained because it acquired a male-specific function. Its function is still evolving, most obviously in the mouse lineage. In other rodent lineages it has been amplified and copies inactivated, and in two famous rodent species, it seems to have disappeared (Just et al. 1995) .
Demise of SRY
The entire mammalian Y seems to be headed for extinction. There is practically nothing left of the original mammalian Y chromosome. Autosomal additions may have prolonged the useful life of the eutherian Y for a little while, but the marsupial Y chromosome has been whittled down to a small package containing SRY, a few spermatogenesis genes and little else. Some species of marsupials dispense with the Y during somatic growth, by eliminating it from the embryo , implying that the Y no longer bears any genes required for general functions. What, then, will become of SRY?
There are two rodent species (mole voles of the genus Ellobius) that have completely lost the Y chromosome. Animals of both sexes have an XX or XO sex chromosome constitution. A third species, Ellobius fuscocapillus, has a normal Y and a normal SRY gene. However, no SRY gene homologue can be detected in either species lacking a Y (Just et al. 1995) , even using a probe amplified from the closely related E. fuscocapillus. Evidently, some new gene has usurped SRY function in triggering the male developmental pathway in these species. There are no outward signs of heteromorphism, but somewhere in the genome, a new sex chromosome system is just beginning the cycle of degradation, initiated by the evolution of a new sexdetermining factor.
If mammals survive for another 100 million years or so, what sort of sex-determining system will they have? Given that mammals are homoeothermic, temperature-determined sex would not work very well. Thus, a new sex-determining gene would need to take over from SRY, and a new sex chromosome system initiated. There is no reason why any gene in the sex-determining pathway could not take on a master switch function. After all, this has evidently occurred at least twice in the switch from a DMRT1-based system in reptiles and birds to an SRY system in therian mammals. Mole voles are leading the way to a new round of sex chromosome evolution, initiated by a new sex-determining gene.
